Abstract: Electron-leakage is a deep-rooted problem for nitride-based light-emitting diodes (LEDs), particularly for AlGaN-based deep-ultraviolet (DUV) LEDs. In this paper, a specific design for the electron-blocking structure in AlGaN DUV LEDs, increasing the Al composition of the last quantum barrier to the same value as that of the electronblocking layer accompanied with composition-graded p-AlGaN layer, is proposed to reduce electron leakage. Simulation results demonstrate that this design can effectively reduce electron leakage and hence increase internal quantum efficiency. Furthermore, fabricated devices with at an emitting wavelength of 292 nm verify remarkably enhanced light-output power. At 20-mA injection current, the proposed structure achieved a lightoutput increment as high as 98%, compared with the conventional structure.
Introduction
AlGaN-based deep ultraviolet (DUV) light-emitting diodes (LEDs) have recently been a subject of extensive study for potential applications in water purification, sterilization, and biomedicine. Many efforts have been devoted to improve their light-emission performance through reducing dislocation density, optimizing epitaxial-structure, and improving optical-extraction. However, up to now, the light-emission efficiency remains urgent for improvement. One major issue that limits the efficiency of AlGaN DUV LEDs is electron-leakage. It is a common problem for nitridesbased LEDs like blue LEDs, green LEDs, and near ultraviolet LEDs, but it is much more serious in AlGaN DUV LEDs due to the intrinsically low hole concentration in p-type AlGaN related with high acceptor activation energy. Electron-leakage has been extensively studied in InGaN blue LEDs. It originates from the injection mismatch between electrons and holes and is further aggravated by the polarization effect [1] - [3] . To reduce it, one general approach is inserting a wide-band gap AlGaN electron blocking layer (EBL) between the last quantum barrier (LQB) and p-region to build an additional barrier and thus prevent electrons overflowing out of the active region. However, it is subject to in undesired positive polarization charges localized at the LQB/EBL interface, which can pull down the conduction band near the interface and thus make the EBL less efficient [1] . Meanwhile, the positive charges attract parasitic electrons, which cannot contribute to the desired light-emission but are irretrievably lost to heat. To counteract the polarization effect on EBL, several approaches have been suggested for blue LEDs, such as gradual or tapered EBL [4] , [5] , polarization-matched AlInGaN EBL [1] , [6] , and polarizationreversed electron-blocking structure [7] , [8] , etc. Besides, some strategies aimed to decelerate electron-transport or accelerate hole-transport in the active region, such as asymmetric multiquantum wells [9] , and stair-case electron injector [10] , [11] , etc. Similar concepts could also be used for AlGaN DUV LEDs but require further study or optimization. Specially for AlGaN DUV LEDs, AlN EBL and multi-quantum barriers EBL were suggested to increase the effective potential barrier height for electrons [12] , [13] . Electron-beam was proposed to pump a high-quality multi-quantum wells (MQW) to avoid the hole activation and related electron-leakage problem [14] . Previous research gave a hint that the LEDs' performance is very sensitive to the LQB/ EBL interface charges. In this paper, unlike the conventional structure in which LQB has the same Al composition as the other QBs whereas EBL has higher-Al composition, we propose to use LQB with the same Al composition as EBL, in combination with composition-graded p-AlGaN layer to enhance electron-blocking. This tactics turns out to be very effective. Remarkably reduced electron-leakage and hence improved light-emission efficiency was demonstrated numerically and experimentally.
Theoretical Simulation
A designed AlGaN DUV LED with the proposed electron-blocking structure, together with one conventional LED as the reference, is shown in Fig. 1 . Each structure consists of AlN template, n-Al 0.55 Ga 0.45 N, five periods Al 0.59 Ga 0.41 N/Al 0.54 Ga 0.46 N quantum wells, 10 nm undoped AlGaN LQB, 30 nm p-Al 0.65 Ga 0.35 N EBL, 100 nm gradual p-Al x Ga 1-x N (x decreasing from 0.65 to 0) cladding layer, and 80 nm p-GaN contact layer. The thickness for quantum wells and quantum barriers is 3 nm and 10 nm, respectively. The Al composition in the composition-graded p-AlGaN cladding layer decreases linearly from the same value as the EBL to the subsequent p-GaN. This layer aims to solve two problems simultaneously. One is to achieve high holedensity by polarization-inducing [15] , and the other is to eliminate the valence band offset between p-AlGaN cladding layer and p-GaN contact layer to facilitate holes transport. Differently, the LQB is Al 0.59 Ga 0.41 N, which has the same Al composition as the other QBs for the reference structure, while Al 0.65 Ga 0.35 N has the same Al composition as the EBL for the proposed structure. Both structures are simulated using APSYS modeling software [16] . Commonly accepted parameters [17] , including an Auger coefficient of 2 Â 10 À30 cm 6 s À1 and conduction band offset ratio of 58% are adopted [18] , [19] . The net polarization charges caused by both spontaneous and piezoelectric polarizations at the hetero-interfaces are calculated by the methods developed by Fiorentini et al [20] . Considering that the interface polarization charges may be compensated or screened by defects, the charges are assumed to be only 30% of the theoretical value.
The simulated results are presented in Fig. 2 . For the reference structure, the conduction band nearby LQB/EBL interface is dramatically dropped due to the positive polarization charges, resulting in a band dip, as illustrated in Fig. 2(a) . At this position, plenty of electrons are gathered, as shown in Fig. 2(b) . These parasitic electrons cannot contribute to the desired light-emission, but will be consumed by non-radiative recombination. By comparison, the proposed structure is much better. The band dip at LQB/EBL interface is removed. Correspondingly, the parasitic electrons are also removed. The downward band bending in LQB is changed to upward bending, just as the EBL does, leading to a significant increase in the effective potential barrier height for electrons ðE n Þ, from 302 meV to 321 meV. As a result, the electron-leakage is mitigated. Here, it should be pointed out that the effective potential barrier height for electrons is measured from the quasi-Fermi level for electrons to the conduction band apex. It includes both the conduction band offset and the band tilt. The conduction band offset at LQB/EBL interface was conventionally utilized to blocking electron-leakage, however, for III-group nitrides, the polarization field-induced band tilt has an important impact on the effective potential barrier height. From the conventional structure to the proposed one, although the LQB/EBL band offset was lost, the upward bending LQB induced by the polarization field contributes to a higher potential barrier for electrons. The electron-density profiles presented in Fig. 2(b) also exhibits a decrease of the electron-density in p-region and a simultaneous increase of the electron-density in MQW region, indicating reduced electron-leakage and better electron-confinement in the active region. Fig. 2(c) presents the vertical electron-current density profiles. The electrons are injected from n-layers into the MQWs and then recombine with holes, so the electron current density gradually decreases along the distance of transportation. The ideal case is that the p-region has no electron current but only hole-current. Evidently, both structures appear electron-current leaked from the active-region to p-region, but the proposed one has a much lower electronleakage current. Since the electron-leakage is reduced in the proposed structure, more holes current must be injected from p-region so that the total current can remain steady. Consequently, the hole injection is also enhanced. More holes are injected into the MQWs region and recombine with electrons, emitting more photons. Fig. 2(d) shows the total electron-leakage as a function of the injection current. Evidently, the electron-leakage current is greatly reduced for the proposed structure. Furthermore, the internal quantum efficiency (IQE) as a function of current density is presented in Fig. 2(e) , and compared with the electron leakage loss and the other loss shown in Fig. 2(f) . Here, the electron leakage loss (electron-leakage current/injection current) is represented as leak.ratio, and the other loss including SRH and Auger recombination loss is given by 1-leak.ratio-IQE. An important finding is that there is a major difference in the electron leakage while a subtle difference in the other loss for the two structures. The proposed structure has a remarkably reduced electron leakage, which accounts for its IQE enhancement, at the same time, it has a slightly increased other loss. For example, the electron leakage loss under an injection current density of 14 A/cm 2 (corresponding to an injection current of 20 mA for the chip size of 380 Â 380 m 2 ) decreases from 40% to 7% (33%↓) while the other loss increases from 16% to 21% (5%↑), resulting in a 28% enhancement of IQE. These results demonstrate that the proposed structure is beneficial for reducing electron-leakage and enhancing hole-injection, and hence facilitating radiative-recombination and increasing IQE.
The proposed structure can avoid the LQB/EBL interface polarization charges and therefore remove the band dip and the parasitic electrons at this interface. The graded p-AlGaN layer is beneficial for increasing the hole density through polarization-induced p-doping and eliminating the valence band offset. Moreover, the negative polarization charges in this graded layer, together with the positive polarization charges underneath LQB, lead to an upward band bending in LQB and EBL and thus form a more efficient electron-blocking structure. Compared with other methods that deal with the interface charges [1] , [4] - [8] , this approach may work more effectively. Gradual or tapered EBL can mitigate the effect of the interface charges to some degree but cannot eliminate it completely. Polarization-matched AlInGaN EBL is a difficult task for material growth due to the largely different optimization conditions for the incorporation of Aluminium and Indium. As for polarization-reversed structure previously reported by our group, this approach actually has a similar band profile but better electron-blocking effect.
Experimental Results
To verify the effectiveness of the proposed structure experimentally, the two AlGaN DUV LEDs referred above were grown on flat sapphire substrates by one low-pressure metal-organic chemical vapor deposition (LP-MOCVD) system using standard precursors and dopants (NH3, TMAl, TMGa, SiH4, Cp2Mg).First, the substrates were treated in H2 ambient at 1000°C for 6 minutes. Subsequently, the temperature was decreased to 575°C to grow a thin AlN buffer layer, and then increased to 1200°C to grow 1 m thick AlN template. After that, 20 pairs of AlN/AlGaN superlattices were grown at 1100°C in order to relieve stress (not shown in Fig. 1 ). Then n-AlGaN layer, AlGaN/AlGaN MQWs, AlGaN LQB, AlGaN EBL, p-AlGaN cladding layer, and p-GaN contact layer were deposited at 1000°C to complete the whole epitaxial structure. After the growth, the wafers were annealed in the reactor at 735°C in flowing nitrogen for 20 min to activate Mg acceptors. Then the wafers were processed to form 380 Â 380 m 2 chips, flip-chip bonded onto silicon submount with gold bumps, and then encapsulated for device characterization [21] . The two LEDs' luminescence and electrical performances were measured using a Keithley 2400 source meter and a calibrated integrating sphere under continuous-wave operation. Fig. 3(a) presents the typical electroluminescence (EL) spectra of the two LEDs under 20 mA. In comparison with the conventional LED, the designed LED with the proposed structure exhibits remarkable improvement in light-output. The main emission peak at 292 nm acquires an enhancement factor as high as 98%. It is noteworthy that, besides the main emission peak at 292 nm, an undesirable emission around 330 nm appears in both LEDs. Similar peaks were usually assigned to recombination of leaked electrons and holes in p-AlGaN cladding layer [9] , [22] . If things happen in this way, the designed LED should have a weaker parasitic peak owing to the reduced electron-leakage, but the fact is not like this. In fact, the behavior of the parasitic emission, like broad spectrum-width, weak intensity, and gradual saturation with injection current, as shown in Fig. 3(b) , is quite similar to defect-related transition. Therefore, it is speculated that the parasitic emission could result from defect-related (such as donor-acceptor pair) transition in MQWs active region, not from the p-region, and the higher parasitic peak in the designed LED should result from its higher carrier density in the MQW active region. This speculation is consistent with the simulated results described above, which shows the proposed structure has a higher electron density as shown in Fig. 2(b) and a slightly increased other loss as shown in Fig. 2(f) . The light output power of the two LEDs as a function of injection current is presented in Fig. 3(c) . Over the whole current range, the designed LED exhibits higher light output power. It should be pointed out that the LOP of the conventional LED can only be measured until the operation current of 30 mA. When the injection current exceeds 30 mA, a serious decline in light-output occurs in accompany with a suddenly reduced forward voltage, due to a degradation caused by the self-heating effect. By comparison, the designed LED survives until 80 mA owing to the light-emission efficiency improvement attributed to the reduced electron-leakage and the enhanced hole-injection and hence reduced heat. Fig. 3(d) represents the external quantum efficiency (EQE) of the two LEDs versus current density, which is basically in line with the simulated IQE curve as shown in Fig. 2(c) . Therefore, the experimental results confirm that the proposed structure is effective for increasing light-emission efficiency, which is also consistent with the theoretical simulation.
Conclusion
In conclusion, an approach increasing the Al composition of the LQB to the same value as the EBL combined with composition-graded p-AlGaN cladding layer was proposed to improve EBL effectiveness. It was demonstrated to be capable of reducing electron-leakage and hence improving the light-emission efficiency of AlGaN DUV LEDs numerically and experimentally. Fabricated device with an emitting wavelength of 292 nm achieved a high increment of 98% in light output power under an injection current of 20 mA. This approach can also be applied to other nitrides-based light-emitting diodes of laser diodes.
